Purpose: We investigated whether detrusor contraction during rapid bladder filling is provoked by cold or warm water. Materials and Methods: Patients with neurogenic lower urinary tract dysfunction were included in this randomized, controlled, double-blind trial. At the end of a standard urodynamic investigation patients underwent 2 bladder fillings using a 4C ice water test or a 36C warm water test saline solution at a filling speed of 100 ml per minute. The order was randomly selected, and patients and investigators were blinded to the order. The primary outcome measure was detrusor overactivity, maximum detrusor pressure and maximum bladder filling volume during the ice and warm water tests. Results: Nine women and 31 men were the subject of data analysis. Neurogenic lower urinary tract dysfunction was caused by spinal cord injury in 33 patients and by another neurological disorder in 7. Irrespective of test order detrusor overactivity occurred significantly more often during the ice water test than during the warm water test (30 of 40 patients or 75% vs 25 of 40 or 63%, p ¼ 0.02). When comparing the ice water test to the warm water test, maximum detrusor pressure was significantly higher and maximum bladder filling volume was significantly lower during the ice water test (each p <0.001). The order of performing the tests (ice water first vs warm water first) had no effect on the parameters. Conclusions: Our findings imply that the more frequent detrusor overactivity, higher maximum detrusor pressure and lower bladder filling volume during the ice water test compared to the warm water test were caused by cold water. This underlies the theory of a C-fiber mediated bladder cooling reflex in humans.
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The Swiss Continence Foundation had no role in study design, data collection and analysis, decision to publish or manuscript preparation. 8, 9 and it becomes negative thereafter since the bladder cooling reflex is centrally inhibited. However, this reflex might be unmasked by neurological disorders such as cerebrovascular accident, multiple sclerosis, Parkinson's disease, SCI, spina bifida and others. 8 Considering that C-fibers are involved in the pathogenesis of detrusor overactivity, the IWT is an important diagnostic tool, especially in patients with an underlying neurological disorder. 2, 10 Although there are many studies on the IWT, 2 it is unclear whether the detrusor contraction during rapid bladder filling is provoked by cold or warm water. Therefore, we designed this randomized, controlled, double-blind trial.
PATIENTS AND METHODS

Patients
Potential trial participants were recruited between October 2012 and March 2013 from patients undergoing neurourological assessment 11 at the Spinal Cord Injury Center, Balgrist University Hospital, Z€ urich, Switzerland. Study inclusion criteria were patients 18 years old or older with NLUTD. Excluded from study were pregnant and breast feeding women, patients younger than 18 years, patients with current urinary tract infection and those who underwent intradetrusor onabotulinumtoxinA injections within the year before evaluation.
The study was approved by the local ethics committee and registered with ClinicalTrials.gov (NCT01773213). All subjects provided written informed consent prior to study inclusion.
Randomization and Blinding
Patients were randomly assigned to undergo rapid bladder filling after standard UDS first with cold water and second with warm water or first with warm water and second with cold water. Allocation was done on an equal basis (1:1) using independent random numbers generated by an internet service (https://www.random.org). The IWT and WWT fluid packing looked identical. The patients and the investigator (MK), an experienced neurourology consultant involved in data analysis, were blinded to the test sequence. Randomization, fluid preparation and UDS were performed by the same staff nurse who was not involved in data analysis.
Urodynamics, and Ice and Warm Water Tests
UDS were done in accordance with good urodynamic practices recommended by ICS (International Continence Society). 12, 13 Patients were urodynamically investigated while seated when possible. A multichannel urodynamic system (Sedia Medizintechnik, Givisiez, Switzerland) was applied for all measurements. Pelvic floor electromyography data were recorded via 2 perineal surface electrodes. Filling sensations were documented when applicable. Standard UDS was performed using 36C saline with a filling speed of 20 to 30 ml per minute.
Patients underwent 2 fast fill cystometries (IWT and WWT) after standard UDS according to our previous study. 14 The IWT was done with 4C and the WWT was done with 36C saline at a filling speed of 100 ml per minute upon a detrusor contraction or upon a maximum bladder filling volume of 500 ml.
Outcome Measures
The primary outcome measures were detrusor overactivity (yes/no), maximum detrusor pressure (cm H 2 O) and maximum bladder filling volume (ml) during the IWT and the WWT. Secondary outcome measures were sensations (no sensation or sensation of cold, urgency and pain), urinary incontinence (yes/no) and maximum heart rate (beats per minute) during the IWT and the WWT. The tertiary outcome measure was adverse events during the study period.
Statistical Analyses
To detect a difference of 10 cm water in maximum detrusor pressure when comparing the IWT and WWT, we used a 2-tailed t-test for paired samples at a 5% significance level (a ¼ 0.05) with 80% statistical power (b ¼ 0.2). Assuming a SD of 20 cm water in the difference in response of matched pairs, 34 cases would have to be included in the analysis. Because a 10% dropout rate was expected, we decided to recruit at least 38 patients.
The effect of the order of the IWT and the WWT on detrusor overactivity, maximum detrusor pressure, maximum bladder filling volume and maximum heart rate was analyzed using ANOVA for repeated measures with within factor temperature (cold vs warm) and between factor order (cold first vs warm first). For this analysis maximum detrusor pressure was logarithmically transformed (log10 of maximum detrusor pressure in cm H 2 O plus 1).
To compare secondary outcome measures between the IWT vs the WWT, investigate the order effect and compare detrusor overactivity during standard UDS and WWT we used the McNemar and Fisher exact tests. Statistical analyses were performed with IBMÒ SPSSÒ Statistics, version 23 with 2-sided p <0.05 considered statistically significant.
RESULTS
A total of 50 patients were assessed for trial eligibility ( fig. 1 ). Of these patients 41 provided informed consent. Of these patients 25 were eventually randomized to IWT and 16 were eventually randomized to WWT first. One patient in the IWT first group was excluded due to a technical problem, leaving 40 patients for analysis.
In the 40 analyzed patients mean AE SD age was 50 AE 16 years (range 22 to 83). Nine patients (23%) were women. The cause of NLUTD was SCI in 33 patients (83%), multiple sclerosis in 2 (5%) and another neurological disorder in 5, including spina bifida, cerebral palsy, tethered cord syndrome, chronic inflammatory demyelinating polyneuropathy and a herniated disk.
Irrespective of test order detrusor overactivity occurred significantly more often during the IWT than during the WWT (30 of 40 patients or 75% vs 25 of 40 or 63%, p ¼ 0.02). When comparing the IWT vs the WWT, there was significantly higher mean maximum detrusor pressure and significantly lower mean maximum bladder filling volume during IWT (each p <0.001, figs. 2 and 3) . The order of performing the tests (IWT first vs WWT first) showed no significant difference in mean maximum detrusor pressure (p ¼ 0.16, fig. 2 ) or mean maximum bladder filling volume (p ¼ 0.61, fig. 3 ). Moreover, no significant difference was found in secondary outcome measures when comparing the IWT vs the WWT and the order of the tests (p >0.05).
A significant difference was noted when comparing detrusor overactivity during standard UDS vs during the WWT (35 of 40 patients or 88% vs 25 of 40 or 63%, p ¼ 0.006). No study related adverse events were reported.
DISCUSSION
In the current randomized, controlled, double-blind trial we found more frequent detrusor overactivity, higher maximum detrusor pressure and lower bladder filling volume for the IWT than for the WWT. This implies that our results were caused by cold water. This is in line with the findings of several other nonrandomized studies, 2, 10 underlying the theory of a C-fiber mediated bladder cooling reflex in humans.
The IWT is positive by the age of about 4 years but it becomes negative thereafter. With growth the inhibiting signals from the central nervous system increase and the C-fiber reflex is suppressed. 9 In case of a disorder of the central nervous systems, for instance alterations in neural control such as in patients with SCI, the C-fiber reflex can often not be suppressed and the IWT becomes positive again. 9 C-fiber mechanosensitivity might also change in response to chemical or thermal stimuli. 10, 15 Classically the IWT is used to differentiate between upper (positive test) and lower (negative test) motoneuron lesions.
1e4 However, a positive IWT in a significant percent of patients with other Hellstr€ om et al detected different types of detrusor contractions after cold water instillation compared to standard UDS. 16 Therefore, they assumed that the cold receptors noted in animal experiments were also present in the human bladder. In agreement with our findings in humans Fall et al found in animal experiments that detrusor contractions started earlier in the IWT compared to bladder filling with warm water. 6 Using stepwise nerve transections they determined that the bladder is mediated by unmyelinated C-fibers originating from cold receptors in the bladder and the urethra. Moreover, detrusor pressure in cats was increased by reducing the temperature of infused saline while keeping the infusion speed unchanged. These results are in line with the report by Geirsson et al 8 and our findings. In animals the micturition reflex seems Admechanoreceptor driven with a higher threshold volume compared to the C-fiber mediated bladder cooling reflex.
17e19 Cold water may decrease the threshold volume, leading to a reflex discharge in bladder preganglionic neurons.
17e19 In addition, the bladder cooling reflex can be activated without any background activity of the Ad-fiber mediated mechanoreceptors of the bladder wall. 7 Although mainly based on animal research, it is generally assumed that Ad-fibers are essential to initiate the micturition reflex and C-fibers primarily respond to noxious chemical and mechanical stimuli. 20 The main findings of our randomized, controlled trial, ie the more frequent occurrence of detrusor overactivity, higher maximum detrusor pressure and lower bladder filling volume for the IWT than for the WWT, further support this hypothesis. They imply that in humans with NLUTD C-fibers become activated and facilitate the pathological reflexes triggered by noxious stimuli such as cold water.
Another issue relevant to the IWT is that the method of performing this test has varied widely among studies. 2 We used the same criteria for the IWT as Geirsson et al 10 but with a maximum bladder infusion volume of 500 ml to prevent false-negative results due to stopping the IWT too early. Although IWT is recognized as a possible diagnostic tool to discriminate between an upper and a lower motoneuron lesion in the EAU guidelines on neurourology, 21 there is no generally agreed on algorithm of how to perform this test in daily clinical practice. Also, the widely used guidelines and recommendations of the AUA (American Urological Association), 22 EAU, 21 ICI 23 and ICS 12, 24 are not instructive. Thus, standardizing the IWT is mandatory to compare results, determine specificity and sensitivity, and define normative values to establish clinically relevant nomograms.
Based on the literature 2,14 and our findings we recommend performing the IWT with 4C saline at a filling speed of 100 ml per minute upon detrusor contraction, urinary leakage, autonomic dysreflexia or pain, or upon a maximum bladder filling volume of 500 ml.
Although to our knowledge we compared the urodynamic parameters of the IWT and the WWT randomly and in a double-blind manner for the first time, our study has limitations. It should be considered that our unit is part of a highly specialized university spinal cord injury center so that selection bias by including more severe cases, a mixed population and/or an unbalanced gender distribution cannot be completely excluded. Moreover, most of our patients were men and had SCI but the limited total number of patients included did not allow for subgroup analysis.
In addition, although we found a significant difference between standard UDS and the WWT regarding detrusor overactivity, no definitive conclusions could be drawn regarding a potential effect of the filling speed since we did not randomize slow vs fast filling. However, it should be considered that slow bladder filling with cold water would cause interpretation difficulties due to the heating of the cold water during the slow filling phase.
CONCLUSIONS
The findings of our randomized, controlled, doubleblind trial imply that the more frequent occurrence of detrusor overactivity, higher maximum detrusor pressure and lower bladder filling volume for the IWT compared to the WWT were caused by cold water. This underlies the theory of a C-fiber mediated bladder cooling reflex in humans.
